Dust is suspected to be an important factor in transmission of livestock-associated methicillin-resistant Staphylococcus aureus (LA-MRSA) between pigs and pig farmers and their families. The aim of this study was to determine the rate of decay for Staphylococcus aureus and LA-MRSA in dust from swine farms. Electrostatic dust fall collectors (EDCs) were used for passive sampling of settling airborne dust in 11 stable sections from six swine farms. Extraction, plating, identification, and enumeration of cultivable S. aureus and LA-MRSA from the EDCs were performed after storage for 0-30 days postsampling. The survival of S. aureus was measured in 196 dust samples from all farms, and data were used to estimate the decay constant λ according to a model for exponential decay:
Introduction
Transmission of livestock-associated methicillinresistant Staphylococcus aureus (LA-MRSA) between pigs and pig farmers and their families was described in 2005 in the Netherlands (Voss et al., 2005) . In Denmark, the prevalence of LA-MRSA infected swine farms has increased from 16% in 2010 to 88% in 2016 (Ministry of Environment and Food of Denmark 2017). Concurrently, an increase in the number of cases of LA-MRSA-positive humans has been found (Larsen et al., 2015) .
Direct contact with live pigs is a known risk factor for LA-MRSA colonization and farm workers are expected to be particularly highly exposed, but also veterinarians have a significantly elevated risk of becoming LA-MRSA carriers (Garcia-Graells et al., 2012; Dahms et al., 2014; Van Cleef et al., 2015) . However, transmission of LA-MRSA is not restricted to persons in direct contact with infected animals, as household members show a higher level of LA-MRSA carriage in comparison to the general community . Furthermore, a significant geographical association between the density of swine farms and the incidences of human LA-MRSA carriage has been shown (van Loo et al., 2007; van Rijen et al., 2014; van Alen et al., 2017) . An increasing number of people without direct contact to livestock is registered as LA-MRSA positive (van Rijen et al., 2014; Larsen et al., 2015; Deiters et al., 2015; Nielsen et al., 2016) .
Recent surveys show that approximately 40% of all new human MRSA-cases in both Denmark, the Netherlands, and in some regions of Germany are attributed to LA-MRSA CC398-the most widespread clone of LA-MRSA in Europe (Köck et al., 2013; NETHMAP, 2013; DANMAP, 2016) . In Denmark, LA-MRSA CC398 was responsible for 208 documented cases of human infections in 2015, corresponding to a 13% infection rate of the 1173 reported cases of LA-MRSA CC398 (DANMAP, 2016) . The colonization of farm workers and the dissemination of LA-MRSA into the community are an occupational as well as a public health concern, which has large economic implications for the society. To counteract this development by targeted interventions, a better understanding of LA-MRSA transmission is needed.
LA-MRSA has been measured in the air and in dust settling on surfaces within swine farms Agersø et al., 2013; Bos et al., 2016; Dahms et al., 2014) . Apart from direct contact with infected animals, exposure to bioaerosols has therefore been proposed as a determinant for nasal carriage of LA-MRSA in farm workers (Bos et al., 2016) . In addition, bioaerosols and dust may also function as a source of transmission to humans outside the farm. This may occur by emission of bioaerosols from the farms or indirectly by contamination of tools, farming implements, clothing, etc., which are brought outside the farm buildings. The concentration of viable LA-MRSA in dust may therefore be an important parameter when assessing the risk of secondary exposure. To our knowledge, the survival of LA-MRSA in dust from swine farms has not previously been determined. The aim of this study was to determine the survival of LA-MRSA in settling dust sampled in different swine farms in Denmark. The survival of Staphylococcus equorum was also investigated as we found this species to be commonly present in stable dust, and as this species is also of health concern (Marshall et al., 1998) .
Materials and methods

Sampling and storage
Electrostatic dust fall collectors (EDCs) were used for sampling of bacteria in settling airborne dust within six swine farm stables (Table 1 ) located in different regions (Zealand, Jutland, and Funen) of Denmark. EDCs consist of a polypropylene map with four sterilized electrostatic dust cloths (each 19 cm × 11 cm). For sampling, the EDCs were placed in one to four different stable sections in each of the six swine farms of the study (Table 1) . The EDCs were left open for passive sampling in a height of 1.0-1.5 m above the floor in 1-7 days, and thereafter transported to the laboratory. One cloth from each of the EDCs was analyzed at the time of arrival to the laboratory (2 h to 6 days postsampling-depending on the transportation time of the EDCs), and the remaining cloths were analyzed with different time intervals after storage in the laboratory for up to 30 days postsampling (Table 1) . The EDCs were stored at ambient conditions with a mean temperature of 23°C (mean daily min. 22°C and mean daily max. 24°C) and a mean relative humidity of 30% (mean daily min. 17%, mean daily max. 33%).
Extraction and cultivation
Dust and bacteria from the EDC cloths were extracted in 50 ml tubes by addition of 15 ml extraction buffer (0.85% NaCl + 0.05% Tween 80) and shaking at 500 rpm for 15 min. The extractions were then plated on chromogenic agar plates selective for MRSA [Brilliance MRSA-2 agar, Oxoid (MRSA 2)] and for Staphylococcus spp. [SaSelect, Bio-Rad (SA)], in volumes of 100, 200, and 500 µl. SA is designed to select broadly for Staphylococcus. The agar plates were incubated at 37°C for 18-24 h before enumeration of colony-forming units (CFU) of MRSA, total S.aureus (on SA), and S. equorum (on SA). After identification by matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF MS) concentrations of the studied species were calculated as CFU m −2 sampling cloth. Samples of EDC dust extractions from all samples were also prepared for freeze storage by mixing 1.0 ml dust extraction with 0.5 ml 85% glycerol, and the tubes were placed at −80°C for later PCR and subtyping analyses.
Species identification by MALDI-TOF MS
To verify the species identity of bacterial colonies with specific color morphology on the selective agar plates we used MALDI-TOF MS. From MRSA-2 plates, presumptive MRSA isolates were identified and counted. To assess the diversity of Staphylococcus species, identification of all colonies on a SA plate from the first dust extraction from each farm were performed. From subsequent samples, only presumptive S. aureus and S. equorum colonies were identified and counted. For identification the extended direct transfer method was used as described earlier (Madsen et al., 2016) . In brief, a toothpick was used to transfer a small amount of the bacterial colony onto the target plate (MSP 96 target polished steel BC, Bruker Daltonics, Bremen, Germany). The sample was then overlaid with 70% formic acid and allowed to dry before addition of an HCCA matrix solution (α-cyano-4-hydroxycinnamic acid, Bruker Daltonics). The MALDI-TOF MS analysis was performed on a Microflex LT mass spectrometer (Bruker Daltonics) using the Bruker Biotyper 3.1 software with the BDAL standard library.
A bacterial test standard (Bruker Daltonics) was used to calibrate the instrument.
PCR verification and subtyping of MRSA and S. aureus isolates Colonies isolated from MRSA 2 plates and confirmed by MALDI-TOF MS to be S. aureus were further verified to be MRSA by a PCR assay detecting mecA, a gene specific for CC398 and spa typing (Islam et al., 2017) . Seven to ten isolates from each of the Farms A, B, C, D, and E were randomly chosen for PCR and subtyping. From Farm F, PCR and subtyping of 10 S. aureus presumptive isolates were instead performed on colonies isolated from SA plates.
Treatment of data
Concentrations of bacteria are presented as CFU m −2 EDC with standard error. The data were log-normal distributed. The concentrations as a function of storage time were analyzed using PROC GLM (General Linear Models Procedure) from SAS version 9.4 (SAS institute, Cary, NC, USA). To estimate the decay rate (λ) for MRSA and for total S. aureus and S. equorum we used the model N(t) = N 0 × exp −λt , which can be converted to ln N(t) i = ln N(t 0 ) I − λt + farm i + Ɛ it , where i represents measurements from each of the different farm stable sections; Ɛ it represents the error term; N(t) represents the CFU number of bacteria at time t and N 0 represents the CFU number of bacteria at time t = 0. To test the validity of the model, we first determined the interaction (farm i × t), using the formula ln
We found this interaction to be insignificant (P > 0.05), thus suggesting that the origin of the dust did not affect the decay rate of the bacteria. a Total number of samples (n = number of replicate samples from the same sampling occasion and section).
b Sampling was performed at 8 different occasions, and survival was analyzed at Day 0 and after storage for three different time periods until Day 7.
An exception was dust samples from Farm D, which showed a significantly slower decay of MRSA than dust from the other farms. Two model calculations of λ were therefore performed, with and without inclusion of data from Farm D. The 90, 99, and 99.9% die-off rates were calculated. The effect of time from sampling to the first measure and of the number of sampling days on the estimated half-lives was studied in a MIXED procedure COVTEST.
Results
MALDI-TOF MS analysis confirmed that the specific color of the colonies on the selective agar plates corresponded to the expected species identity for all tested MRSA, S. aureus, and S. equorum isolates. The characterized S. aureus isolates belonged to five spa-types and two CC-groups (Table 1) .
Concentrations of MRSA and total S. aureus in dust samples
A large variation in the initial concentration of MRSA was found in the EDC samples from the different swine farms (means between 6 × 10 3 and 7 × 10 5 CFU m −2 ), but also between stable sections within the same farm (Fig. 1) . In all EDC samples from Farm F, and in samples from 4 of 8 sampling occasions from Farm B the concentration of MRSA was below the level of detection (<1.4 × 10 3 CFU m −2 ). The concentration of S. aureus was below the level of detection in samples from one time point of dust extractions from the weaning section in Farm A, one section in Farm F, and one sample from Farm B.
Comparative CFU measurements of total S. aureus (MRSA and nonresistant S. aureus colonies) on SA selective agar plates and MRSA on MRSA-2 agar showed that total S. aureus was between 2-and 600-fold higher than the number of MRSA (Figs 1 and 2 ). In the different stable sections from Farm B, C, and D, and in the nursing section from Farm A, the total number of S. aureus as measured on SA was 2-to 12-fold higher than the number of MRSA measured on MRSA-2 agar. In the slaughter and weaning section from Farm E the total number of S. aureus was 50-fold higher, and in the weaning section from Farm A, it was 600-fold higher than MRSA.
Exponential decay models
For all measurements the concentrations of MRSA in stable dust were significantly (P < 0.001) reduced in response to storage time of the dust (Fig. 1) . When all ) storage time of the dust was found to be a significant factor (P < 0.001). The model parameters were calculated based on the assembled data, resulting in an estimate of the exponential decay constant λ = −0.140. This corresponds to a half-life of 5 days for MRSA in the dust (Table 2) . The data showed a good model fit (r 2 = 0.88), however, a significant effect of stable dust origin versus storage time was observed (P = 0.017). MRSA seemed to exhibit a better survival in dust from Farm D than in dust from the other farms, and when data from Farm D were excluded from the data analysis, no interaction was found between dust origin and survival (P = 0.35). The Table 2 . Decay half-lives for MRSA and Staphylococcus aureus in a model including (Model 1) and excluding (Model 2) data from Farm D. Table 2) . The estimated half-life for MRSA in Model 1 was not affected significantly by the number of sampling days (P = 0.24) and the time from sampling to the first measure of the concentration (P = 0.11). The same was seen for the Model 2 data (P > 0.05).
MRSA
The concentration of S. aureus in stable dust was significantly (P < 0.001) reduced in response to storage time of the dust (Fig. 2) . A significant negative correlation between the concentration of total S. aureus and storage time was shown when the measurements of S. aureus concentrations in dust from all farms were plotted into the model for exponential decay (P < 0.001). The data showed a good correlation to the model (r 2 = 0.86), in which the estimated exponential decay constant was λ = −0.127. The decay rate for S. aureus was not significantly affected by the origin of the stable dust (P = 0.087). Yet, the survival of total S. aureus in dust from Farm D seemed to be higher than in dust from the other farms, as also found for MRSA. When data from Farm D were excluded from the data analysis, no interaction was found between dust origin and survival (P = 0.27). The decay constants for EDC samples from the farrowing section and the weaning section in Farm D were λ = −0.046 and λ = −0.099, respectively. This corresponds to a half-life of 15 days for S. aureus in dust from the farrowing section and a half-life of 7 days for the weaning section. When excluding data from Farm D from the model, the estimated decay rate was λ = −0.156, corresponding to a half-life of 4 days. Thus, the decay rates estimated for the models based on concentrations of total S. aureus and of MRSA showed to be consistent, both resulting in half-lives of 4-5 days ( Table 2) .
The estimated half-life for S. aureus in Model 1 was not affected significantly by the number of sampling days (P = 0.74) and the time from sampling to the first measure of concentration (P = 0.24). The same was seen for the Model 2 data (P > 0.05).
Presence and survival of other Staphylococcus species in dust samples
In addition to S. aureus, a variety of different Staphylococcus species were found in the dust samples from the swine farms. The concentration and survival of S. equorum was determined in samples from Farms A, B, D, and E. In all samples, the concentration of S. equorum was at least 10-fold higher than the concentration of S. aureus (Fig. 3) . However, the survival of S. equorum in the stable dust seemed to be similar to the survival of S. aureus. Based on the exponential decay model, the decay rate for S. equorum was λ = −0.191, corresponding to a half-life of 3.6 days (3.0-4.6 days).
Discussion
Stable dust is a complex aggregated compound including dried dung and urine, skin flakes, grain mites, spores, pollens, feed, and bedding particles (Pedersen et al., 2000) and therefore difficult to replace by artificial produced media. Previous studies of S. aureus survival in the environment has primarily been performed in relation to hospital hygiene control measures by transfer of pure bacterial cultures to different surfaces (Kramer et al., 2006) . In this study, survival of staphylococci was measured in dust collected in the pig stables, which is important to get a better picture of LA-MRSA survival in the environment. Several factors may influence the survival of bacteria in aerosols and in settled dust, and hence affect the potential levels of human exposure. Thus, the composition and structure of dust particles and the clustering behavior of the bacteria as well as relative humidity and temperature affect the survival of bacteria (Madsen et al., 2009; Tang, 2009; Zhao et al., 2014 ). Yet, the bacterial response to environmental conditions is complicated and depends on the physiological state of the bacteria. In a study by Strasters and Winkler (1966) , the effect of humidity on survival of cultured aerosolized hospital strains of staphylococci varied significantly in response to the bacterial culture age, the method of aerosolization, and the growth and suspension medium.
In our study, the community of LA-MRSA in the stable dust samples most likely represented different physiological stages of growth and stress conditions. The time preceding bacterial release from the host pig and thus favorable growth conditions for S. aureus, may have been variable-especially because the collected dust samples presumably contained both newly aerosolized particles and settled and re-aerosolized particles. The primary source of LA-MRSA in swine stables are the pigs, where MRSA proliferates as a normal part of the microbiota of skin and nostrils. During activity of the pigs, emission of LA-MRSA occurs from mucus or by abscess of skin particles, and thus bioaerosols are released to the stable air (Zhao et al., 2014) . Depending on the size and the source of the bioaerosols, the LA-MRSA may have experienced different protection against environmental stress both as aerosols and in the settled dust.
We have found a half-life of LA-MRSA in settled stable dust of 5 days. To our knowledge, this is the first study to assess the rate of decay of LA-MRSA in stable dust. Studies on laboratory cultivated isolates typically have determined the total duration time until extinction of the bacteria, while we have obtained a measure of the rate of decay. This measure is particularly important in determining the risk of LA-MRSA exposure during, e.g., cleaning of stables emptied for animals, or by assessment of LA-MRSA survival on working clothes or working tools. Previous reports have suggested that an important route of LA-MRSA transmission from animals to humans is via bioaerosols (Bos et al., 2016) . We recently found a significant correlation between the concentration of LA-MRSA in the stable air of a swine farm and the risk of nasal LA-MRSA carriage in voluntary people who were either in direct contact with animals or simply standing still in the corridor between the pig pens for an hour. The nasal LA-MRSA carriage in the volunteers was independent of the number of hand facial touches, signifying that bioaerosols were a primary source of contamination (Angen et al., 2017) . Given a half-life of 5 days for LA-MRSA, the specific working task of cleaning following emptying of the stable for animals, seem to represent a risk of exposure due to the low rate of LA-MRSA decay and a re-aerosolisation of settled dust. The survival of LA-MRSA is also of relevance for assessment of exposure by carry-over of dust from the stable to the outside environment. In some countries, regulations demand that personal bath and change clothes before leaving an LA-MRSA infested stable. Considering the results of this study, these measures of control are sensible and apart from preventing transmission of LA-MRSA also counteract dissemination of other potential pathogenic microorganisms. Transmission of stable dust to the outside air via ventilation is another route, which has been discussed as a potential way of animal to human transmission (Gibbs et al., 2004) . However, many factors like UV-radiation and humidity may be very different in the outside environment and the halflife of LA-MRSA determined for dust in this study cannot be extrapolated to the outdoor conditions.
The populations of LA-MRSA in the different stables seem to exhibit patterns of survival similar to those of the total populations of S. aureus. According to a review study, there are no obvious difference in survival of laboratory cultivated multiresistant and nonresistant S. aureus (Kramer et al., 2006) . Staphylococcus aureus is generally recognized as a very robust species, which is highly resistant toward environmental stress, including desiccation (Clements and Foster, 1999) , and a review paper based on studies where S. aureus has been cultivated in the laboratory and subsequently transferred to different surfaces, a persistence of 7 days to 7 months has been reported (Kramer et al., 2006) . In this study, the survival of LA-MRSA was significantly higher in dust from Farm D compared to the other farms. This difference could be due to a different composition of the dust, but interestingly, Farm D was the only farm harboring LA-MRSA belonging to spa-type t571. It could therefore be speculated that the population of LA-MRSA with prevailing spa-type t571 exhibited better capabilities of survival compared to the populations of LA-MRSA strains from the other farms.
In all investigated stable sections from the six farms, S. aureus was found in the dust and MRSA was found in the dust in five of six farms. All presumptive MRSA colonies selected for verification belonged to previously described LA-MRSA lineages CC398 and CC30, but with different spa types dominated in the different farms, including t011, t034,and t571. In Farm A, t1333 (CC30) MRSA was found together with CC398 MRSA. The type CC398 is the most common in Danish pig farms while CC30 has been found (Seier-Petersen et al., 2015) , but only rarely. LA-MRSA spa type t011 and t034 have also been found in other farm animals as, e.g., calves (Graveland et al., 2010) .
A high prevalence of MRSA-positive air samples has also been found in swine farms in other studies Agersø et al., 2013; Masclaux et al., 2013; Bos et al., 2016; Schmithausen et al., 2015) . A large proportion of the S. aureus populations in pig farms has acquired resistance to antibiotics (Smith et al., 2013; Slifierz et al., 2015) The different fractions of MRSA (MRSA out of total S. aureus) observed in the different farms and farm sections might be caused by different levels of antibiotic usage (Smith et al., 2013) , though this information is not available from the respective farms.
In addition to S. aureus, 13 other Staphylococcus species were found in the farm dust samples. These species included S. hyicus, which is coagulase-positive and a potential pathogen in pigs (Wegener et al., 1993) . The 12 other species are coagulase-negative, and several of them have earlier been found on pig skin (Nagase et al., 2002) . Some of these species may act as reservoirs for the SSCmec cassette and the mecA gene (Tulinski et al., 2012) , and some can be oxacillin resistant (Marshall et al., 1998) , or cause human clinical infections (Rogers et al., 2009 (Marshall et al., 1998) , and S. pettenkoferi (Song et al., 2009) . Therefore, the spread and survival of these species in and via farm dust are also of interest. Earlier studies have shown that bacteria are transported from one work environment to another environment (Normand et al., 2011; Madsen et al., 2016) . In this study, we show that S. equorum was found in high concentrations in the farm dust and has a half-life of almost 4 days.
The number of sampling days was not identical throughout the study, since initially we expected a long sampling time to be necessary to collect sufficient dust levels. The different sampling times may hence be a limitation to this study. However, the number of sampling days does not seem to have a pronounced effect on the survival since the half-life of 4-7 days was found consistently. This may be because the airborne S. aureus, as mentioned earlier, in the stables is a mixture of S. aureus newly released from the pigs and S. aureus re-aerosolized from surfaces. In other studies, the EDC has also been used for sampling airborne bacteria on pig farms. The sampling time has typically been 14 days followed by extra time needed for shipping before extraction (Dorado-Garcia et al., 2013; Van Cleef et al., 2015) . In light of a half-life of 5 days, a shorter sampling time should be considered if culturable MRSA are to be quantified.
In conclusion, LA-MRSA and S. aureus had half-lives of 5 days, and a 99.9% die-off rate of 66-72 days, thus it can be found in farm dust for weeks. Bacteria can be transported from one work environment to another environment. Consequently farm dust with LA-MRSA cannot only pose an exposure risk for weeks in the farm environment, but also if transported to other environments. These results indicate that dust might be an important vehicle for transmission of LA-MRSA, e.g., through air, on farm clothing, and during cleaning of stables.
